Introduction
Dysfunction of autophagy and inflammation has been implicated in the pathogenic process of a growing list of neurodegenerative diseases (Netea-Maier et al., 2016) . Autophagy and inflammation are highly intertwined cellular processes (Levine et al., 2011) . Autophagy plays an antiinflammatory role and suppresses proinflammatory process through regulating innate immune signaling pathways and inflammasome activity (Deretic et al., 2013) . Inflammatory signals also function to reciprocally control autophagy (Shi et al., 2012) . However, the mechanisms by which inflammatory signals specifically relieve the negative suppression by autophagy on inflammation remain unknown. In this study, we show that p38α MAPK plays a direct and essential role in relieving autophagic control in response to inflammatory signal. We found that upon lipopolysaccharide (LPS) stimulation, p38α MAPK directly phosphorylates UNC51-like kinase-1 (ULK1), the serine/threonine kinase in the initiation complex of the autophagic cascade, in microglia. Phosphorylation by p38α MAPK inhibited ULK1 activity and disrupted its interaction with autophagy-related protein 13 (ATG13) in the autophagy initiation complex and reduced the flux and level of autophagy. This inhibition is necessary for LPS-induced inflammasome activity, interleukin-1β (IL-1β) production, and microglial activation in culture and in the mouse brain. Thus, our findings establish a mechanism that functions to relieve the immune-suppressive activity of autophagy upon stimulation and allows the full induction of inflammatory process during microglial activation. This mechanism may play an important role in regulating innate immune response in the nervous system.
Results

LPS inhibits autophagy in microglia
To understand the mechanism of how signals control and release autophagic suppression of inflammation, we first tested whether LPS modulates autophagy in microglia. We treated the murine microglial cell BV2, a model cell widely used in neuroinflammation research (Blasi et al., 1990) , with LPS and found that this caused a dose-dependent decrease in the level of autophagy marker LC3-II, the lipidated form of the microtubule-associated proteins 1A/1B-light chain 3 (LC3), as well as an increase in the level of autophagy adapter protein p62 but not its mRNA (Figs. 1 A and S1 A; Jain et al., 2010; Fujita et al., 2011; Inflammation and autophagy are two critical cellular processes. The relationship between these two processes is complex and includes the suppression of inflammation by autophagy. However, the signaling mechanisms that relieve this autophagy-mediated inhibition of inflammation to permit a beneficial inflammatory response remain unknown. We find that LPS triggers p38α mitogen-activated protein kinase (MAPK)-dependent phosphorylation of ULK1 in microglial cells. This phosphorylation inhibited ULK1 kinase activity, preventing it from binding to the downstream effector ATG13, and reduced autophagy in microglia. Consistently, p38α MAPK activity is required for LPS-induced morphological changes and the production of IL-1β by primary microglia in vitro and in the brain, which correlates with the p38α MAPKdependent inhibition of autophagy. Furthermore, inhibition of ULK1 alone was sufficient to promote an inflammatory response in the absence of any overt inflammatory stimulation. Thus, our study reveals a molecular mechanism that enables the initial TLR4-triggered signaling pathway to inhibit autophagy and optimize inflammatory responses, providing new understanding into the mechanistic basis of the neuroinflammatory process.
p38 MAPK inhibits autophagy and promotes microglial inflammatory responses by phosphorylating ULK1
al., 2012). The change in LC3-II correlated closely with a steady increase in the levels of activated caspase-1 and mature IL-1β in cell lysates and in culture media (Figs. 1 A and S1 A), indicating inflammatory activation of BV2. To confirm the effect of LPS on LC3-II, we overexpressed GFP-LC3 in BV2 cells and showed that LPS inhibited the conversion of GFP-LC3-I to GFP-LC3-II in a time-dependent manner ( Fig. 1 B) . Exposure to bafilomycin A1 (BA), which blocks the fusion of autophagosomes with lysosomes (Yamamoto et al., 1998) , caused a significant accumulation of LC3-II in BV2 cells. Cotreatment of the cells with LPS greatly reduced BA-induced LC3-II accumulation (Fig. 1 C) . In addition, LPS also attenuated a rapamycin-induced increase in LC3-II as well as a decrease in p62 protein but not its mRNA in both BV2 cells and primary microglia (Fig. 1, D and E; and Fig. S1 B) . Furthermore, LPS reduced the number of autophagosomes in BV2 cells (Fig. S1 C) . Collectively, these findings suggest that LPS reduces the autophagic flux in microglial cells. Interestingly, LPS did not significantly alter LC3-II level with or without BA in either primary cortical neurons or astrocytes (Fig. 1 F) . In addition, when applied to RAW264.7 cells, a widely used macrophage cell model, instead of decreasing LC3-II, LPS enhanced LC3-II (Fig. S1 D) , a finding consistent with previous studies (Xu et al., 2007; Delgado et al., 2008) . Thus, the inhibitory effect of LPS on autophagy appears to be specific for microglia. Based on these findings, we used BV2 as our primary model to further explore the mechanism underlying LPS-induced inhibition of autophagy as well as its role in microglial inflammatory response.
LPS inhibits autophagy through p38α MAPK
LPS is known to engage toll-like receptor 4 (TLR4) and p38 MAPK in inducing inflammatory response (Bachstetter and Van Eldik, 2010; Bachstetter et al., 2011) . We showed that interfering TLR4 activity with either the viral inhibitory peptide VIP ER or the antibiotic polymyxin B, both of which block TLR4-LPS signaling, completely abrogated the inhibitory effect of LPS on autophagy (Fig. S1 , E and F). In contrast, peptidoglycan, a TLR2 agonist, weakly activated p38α and had little effect on autophagy in BV2 cells (Fig. S1 G) . To test the role of p38 MAPK in LPS-induced inhibition of autophagy, we cotreated BV2 cells with LPS and SB203580, a chemical inhibitor of p38 MAPK. This analysis showed that, correlated with its effects on LC3-II and p62, LPS induced a robust activation of p38α MAPK, indicated by its increased phosphorylation (Figs. 2 A and S2 A). These LPS-induced changes were clearly attenuated by SB203580. Similarly, specific knockdown p38α MAPK by siRNA also prevented LPS-induced changes in the levels of LC3-II and p62 protein but not p62 mRNA (Figs. 2 B and S2 B) . However, increasing p38 MAPK activity by its small molecule activator anisomycin (AN; Zhu et al., 2005) was sufficient to significantly reduce the level of endogenous LC3-II, which was blocked by SB203580 ( Fig. 2 C, top) . In addition, AN also greatly attenuated BA-induced accumulation of LC3-II (Fig. 2 C, bottom) . To corroborate with these findings, we tested the effect of expressing p38α MAPK on LC3 lipidation. For this study, we expressed GFP-LC3 and determined the generation of free GFP after the lysosomal-dependent turnover of GFP-LC3 (Rubinsztein et al., 2009; Mizushima et al., 2010) . This study revealed that the level of free GFP, which correlates positively with autophagy activity, was reduced by coexpression of p38α MAPK (Fig. 2 D) . To strengthen these findings, we used an autophagy sensor, tandem-fluorescently tagged LC3
(mTagRFP-mWasabi-LC3; Kimura et al., 2007; Zhou et al., 2012) , to monitor autophagic flux under our experimental condition. We expressed mTagRFP-mWasabi-LC3 in BV2 cells, treated the cells with SB203580 or p38α MAPK knockdown, and scored the green and red puncta. This analysis showed that inhibition of p38 MAPK by SB203580 or knockdown of p38α MAPK led to a significant increase in the number of red puncta (Figs. 2 E and S2 C), consistent with an increase in autophagic flux. Collectively, these findings indicate that p38α MAPK reduces autophagic flux under basal condition and is required for mediating LPS-induced inhibition of autophagy.
p38α MAPK interacts directly with ULK1
Inflammatory signal activates p38 MAPK, but its role has not been fully defined (Doyle et al., 2011; Matsuzawa et al., 2012) . Because ULK1 is a key regulator that functions upstream in the autophagic cascade and is regulated via phosphorylation by several kinases in response to nutrient signals (Kim et al., 2011) , we tested the possibility that p38α MAPK may regulate autophagy process by directly targeting ULK1. First, we examined whether p38 MAPK may directly interact with ULK1 by an in vitro binding assay. We coincubated purified ULK1 with purified p38α MAPK, immunoprecipitated this with an anti-p38α MAPK antibody, and analyzed the precipitate by anti-ULK1 immunoblotting or performed the coimmunoprecipitation (co-IP) in reverse. This analysis showed that ULK1 and p38α MAPK directly associated with each other (Fig. 3 A) . We then expressed MYC-ULK1 and FLAG-p38α MAPK in HEK293 cells, immunoprecipitated them with an anti-MYC antibody, and blotted the precipitate with an anti-FLAG antibody or performed the co-IP in reverse. Data from this analysis indicated that ULK1 and p38α MAPK interacted with each other in cellular lysates (Fig. 3 B) . Analysis of ULK1 deletion mutants by co-IP showed that this interaction requires the C terminus of ULK1 (Figs. 3 C and S2 D) . Next, we demonstrated by co-IP assay that endogenous ULK1 and p38α MAPK formed a complex in HEK293 and BV2 cells (Fig. 3, D and E) and that LPS treatment did not significantly affect their interaction (Fig. S2 E) .
p38α MAPK phosphorylates ULK1
Consistent with the possibility that p38α MAPK may regulate ULK1 activity, we found that coexpression with p38α MAPK caused ULK1 to migrate at a higher-molecular-weight position (Fig. 4 A) . This change in ULK1 migration could be reversed by pretreatment of the lysates with the λ phosphatase (λPPase) or treating the cells with SB203580 (Fig. 4, A and B) , supporting the possibility that a high level of p38α MAPK activity may result in ULK1 phosphorylation. In support of this, blotting the ULK1 precipitates with an antiphosphoserine antibody revealed an increase in the phosphoserine signal in ULK1 after p38α MAPK expression (Fig. 4 C) . Sequence analysis of ULK1 uncovered the presence of several putative p38 MAPK phosphorylation sites conserved among several species (Fig. S3 A) . In vitro kinase assay demonstrated that purified p38α MAPK directly phosphorylated the C-terminal portion of ULK1 immunoisolated from cellular lysates (Figs. 4 D and S3 B) . Mutation analysis identified serine residues at 504 and 757 as the sites required for p38α MAPK-mediated ULK1 phosphorylation and a shift in migration (Fig. 4, E and F) . Analysis of the cellular lysates with a phospho-S757-specific antibody showed that expression of p38α MAPK correlated with increased phosphorylation of ULK1 at S757 (Fig. S3 C) . Because mTOR has been reported to phosphorylate ULK1 at serine 757 after nutrient signaling (Kim et al., 2011) , we tested whether mTOR may be involved in phosphorylating ULK1 in response to LPS. Detailed time course analysis of p38α MAPK and mTOR showed that LPS increased the activity of both p38α MAPK and mTOR kinase, with the peak activation of p38α MAPK clearly preceding the phosphorylation of ULK1 (Fig. S3 D) . Furthermore, SB203580 attenuated LPS-induced phosphorylation of ULK1 at S757 without significantly affecting the activity of mTOR (Figs. 4 G and S3, E and F) . In contrast, the mTOR inhibitor rapamycin did not alter S757 phosphorylation induced by either LPS treatment or expression of p38 MAPK (Fig. S3 , E and F).
Collectively, these data demonstrate that LPS induces a p38α MAPK-but not mTOR-dependent phosphorylation of ULK1.
Phosphorylation by p38α MAPK reduces ULK1 kinase activity and disrupts the ULK1-ATG13 complex
To assess the effect of phosphorylation by p38α MAPK on ULK1, we expressed p38α MAPK and ULK1, immunoprecipitated ULK1, and measured ULK1 activity by in vitro kinase assay using myelin basic protein (MBP) as a substrate. This study showed that p38α MAPK caused a dose-dependent inhibition of ULK1 kinase activity (Fig. 5 A) . Similarly, we treated BV2 cells with LPS, immunoprecipitated endogenous ULK1, and showed by in vitro kinase assay that LPS treatment resulted in a time-dependent decrease in ULK1 kinase activity (Fig. 5 B) . SB203580 blocked the inhibitory effect of LPS on ULK1 kinase (Fig. S4 A) . ULK1 is known to function in a complex with and phosphorylate ATG13 at S318 (Chan et al., 2009; Hosokawa et al., 2009 ). We expressed ATG13, ULK1, and p38α MAPK and measured ATG13 and ULK1 binding by co-IP and ATG13 phosphorylation using a phospho-S318-specific antibody. This study showed that p38α MAPK led to a dose-dependent disruption of ATG13-ULK1 interaction and reduced phosphorylation of ATG13 at S318 (Figs. 5 C and S4 B). Either SB203580 or coexpression of a dominant-negative p38α MAPK (p38αDΝ) reversed the effect of p38α MAPK on ATG13 (Figs. 5 D and S4 C). In contrast to WT ULK1, the binding to ATG13 by ULK1 mutants, which were resistant to p38α MAPK phosphorylation, was far less sensitive to p38α MAPK-induced disruption (Fig.  S4 D) . Moreover, LPS treatment reduced the interaction of endogenous ULK1 and ATG13 and inhibition of p38 MAPK by SB203580, or knockdown of p38α MAPK abolished the effects of LPS on ATG13 (Fig. 5, E and F) . Thus, LPS-induced phosphorylation of ULK1 by p38α MAPK inhibits its kinase activity and disrupts its interaction with and phosphorylation of ATG13.
LPS activates microglia through p38α-mediated inhibition of autophagy
We next studied the role of p38α MAPK-mediated phosphorylation of ULK1 in the LPS-induced microglial inflammatory response. First, we found that LPS-induced inhibition of autophagy correlated closely with a dose-and time-dependent increase of inflammatory response in primary microglia (Figs. 6 A and S5, A and B) and BV2 cells (Fig. S5, C and D) . Microglial activation after TLR4 engagement by various pathological stimuli is typified by changes in microglial morphology such as process retraction and cell body enlargement in addition to biochemical changes such as caspase-1 activation (Kettenmann et al., 2011) . Next, we recapitulated the finding that LPS-induced the cell MAPK and ULK1 interact with each other in vitro. Recombinant p38α MAPK (50 ng) was incubated with recombinant ULK1 (50 ng) in IP buffer at 4°C for 2 h. Pulldown assays were performed by using an anti-p38α MAPK antibody and blotted with an anti-ULK1 antibody. (B) Expressed p38α MAPK and ULK1 interact with each other. FLAG-p38α MAPK and/ or MYC-ULK1 were overexpressed in HEK293 cells (bottom). Co-IP was performed by incubating whole-cell lysates (200 µg) with either an anti-MYC or an anti-FLAG antibody (top and middle). WB, Western blot. (C) p38α MAPK interacts with the ULK1 C terminus. HA-tagged WT ULK1 or ULK1 fragments were coexpressed with FLAG-p38α MAPK in HEK293 cells. The level of FLAG-p38α MAPK coimmunoprecipitated with HA-ULK1 from 200 µg cell lysates was analyzed with an anti-FLAG antibody. CTD, C-terminal domain. Asterisks denote HA-ULK1 fragments. (D and E) Endogenous p38α MAPK and ULK1 interact with each other in HEK293 (D) and BV2 cells (E). Co-IP was performed by incubating wholecell lysates (400 µg) with anti-ULK1 antibody, and the precipitates were blotted with anti-p38 antibody.
body roundness and enlargement in cultured primary microglia and showed that SB203580 significantly attenuated the effects of LPS on the microglial morphology (Fig. 6 B) . Inflammasome is known to control caspase-1 activation and IL-1β production. Because the core inflammasome components NLRP3 and ASC were detectable in our model (Fig. S5 E) , we tested the effect of the NLRP3 inflammasome inhibitor glyburide (Lamkanfi et al., 2009 ) and found that it significantly attenuated LPS-induced caspase-1 activation and IL-1β production but had no effect on LPS-induced decrease of LC3-II (Figs. 6 C and S5 F). In contrast to glyburide, SB203580 or knockdown of p38α MAPK significantly attenuated LPS-induced decrease in LC3-II while reducing LPS-induced activation of caspase-1 and increase of F and G) . To establish the role of inhibition of ULK1 in the inflammatory response, we treated primary microglia with the ULK1 inhibitor MRT67307 (Petherick Coexpression of p38α MAPK leads to ULK1 phosphorylation at serine residues. HEK293 cells were transfected with ULK1 with or without p38α MAPK. The lysates were precipitated with an anti-ULK1 antibody and analyzed with an antibody that specifically recognizes the phosphorylated serine residues followed by a proline (S*P). (D) p38α MAPK directly phosphorylates ULK1. ULK1 was expressed in HEK293 cells and immunoprecipitated. The precipitates were incubated with or without a purified active p38α MAPK in in vitro kinase assay. (E) p38α MAPK phosphorylates ULK1 at S504 and S757. ULK1 WT and various mutants were expressed and immunoprecipitated. The precipitates were incubated with a purified active p38α MAPK in in vitro kinase assay. Mutation of both serines 504 and 757 to alanine (S504/ S757A) reduced the p38α MAPK-induced ULK1 phosphorylation. (F) Mutation of ULK1 at S504/S757 blocks the p38α MAPK-induced shift in ULK1 migration. (G) p38α MAPK is required for mediating LPS-induced phosphorylation of ULK1. BV2 cells were treated with LPS (1 µg/ml) with or without SB203580 (10 µM) for 2 h. Lysates were blotted as shown. Arrows indicate band shifts. **, P < 0.01 versus control; # , P < 0.05 versus S504A or S757A. n = 3. Error bars show SD. (B) LPS treatment reduces ULK1 kinase activity. BV2 cells were treated with LPS (1 µg/ml) for the indicated time. Endogenous ULK1 was immunoprecipitated and analyzed by in vitro kinase assay. (C) p38α MAPK disrupts the ULK1-ATG13 complex and reduces ATG13 phosphorylation. ATG13 and ULK1 were coexpressed with or without coexpression of p38α MAPK in HEK293 for 24 h. The whole-cellular lysates (200 µg) were immunoprecipitated with an anti-MYC antibody, and the precipitates were blotted with an anti-HA or anti-FLAG antibody (top). The levels of phosphorylated ATG13 (S318) were determined using a phospho-S318-specific antibody (bottom). (D) SB203580 blocks p38α MAPK-induced ULK1-ATG13 complex disruption. BV2 cells were treated as described in C with the presence of SB203580 (10 µM). Co-IP was performed by incubating whole-cell lysates (200 µg) with an anti-HA antibody. WB, Western blot. (E) SB203580 blocks LPS (1 µg/ml)-induced disruption of the endogenous ULK1-ATG13 complex. BV2 cells were treated with LPS (1 µg/ml) with or without SB203580 (10 µM) for 2 h. Co-IP was performed by incubating whole-cell lysates (400 µg) with an anti-ULK1 antibody. (F) Knockdown of p38α MAPK blocks LPS (1 µg/ml)-induced disruption of the endogenous ULK1-ATG13 complex. BV2 cells were transfected with scramble or p38α MAPK-specific siRNA for 48 h and treated with LPS (1 µg/ml) for 2 h. Co-IP was performed by incubating whole-cell lysates (400 µg) with an anti-ATG13 antibody. The left panel shows the effect of knockdown. IB, immunoblot. *, P < 0.05; **, P < 0.01 versus control; ## , P < 0.01 versus p38α. n = 3. Error bars show SD.
et al., 2015) and measured its effects. This analysis showed that inhibition of ULK1 under basal conditions caused enlargement of the microglial cell body, reduced the level of LC3-II, activated caspase-1, and increased the level of IL-1β (Fig. 6 , D and E; and Fig. S5 H) . To further confirm the role of ULK1 in LPS-induced microglia activation, we transfected primary microglia with WT ULK1 or the p38α phosphorylation site mutant ULK1 (ULK1/wt, ULK1/2A, and ULK1/2E, respectively), treated cells with LPS, and analyzed caspase-1 activation in situ by immunocytochemistry. The results showed that LPS-induced caspase-1 activation was much lower in cells expressing ULK1/2A than ULK1-WT, and expression of phosphorylation mimicking ULK1 (ULK1/2E) alone could induce caspase-1 activation (Fig. 6 F) . Expression of ULK1 mutants by lentivirus in primary microglial cells revealed that compared with WT, ULK1/2A was more effective in attenuating LPS-induced LC3-II decrease and production of IL-1β, whereas ULK1/2E exacerbated the effects of LPS on LC3-II and IL-1β (Fig. S5 I) .
To further evaluate the role of autophagy inhibition in LPS-induced microglia activation, we blocked autophagy in cultured primary microglia by knockdown of the essential autophagy gene ATG5 or with the autophagy inhibitor 3-methyladenine (3-MA). The results showed that knockdown of ATG5 or treatment with 3-MA under basal conditions induced microglial activation (Fig. 7 , A and B; and Fig. S6 , A-C). To confirm these findings in vivo, we injected mice with 3-MA by i.p. Analysis of mouse cortical brain tissues showed that under basal conditions, 3-MA reduced the level of LC3-II and increased the levels of p62, caspase-1, IL-1β, and Iba1, a marker for activated microglia (Fig. 7, C and D) . We then injected LPS directly into mouse brain by intracerebroventricular injection (I.C.V.) with or without prior injection of SB203580 (i.p.). Analysis of the cortical brain tissues revealed that LPS activated p38α MAPK, led to ULK1 phosphorylation at S757, reduced the level of LC3-II, and increased the levels of caspase-1, IL-1β, and Iba1 (Fig. 7 , E and F). Administration of SB203580 clearly attenuated the LPS-induced effects on ULK1, LC3-II, caspase-1, IL-1β, and Iba1. In addition, analysis of autophagosomes with monodansylcadaverine (MDC; Iwai-Kanai et al., 2008) showed that SB203580 reversed LPS-induced reduction of autophagosomes in the mouse brain (Fig. S6 D) . Thus, p38α MAPK-dependent phosphorylation and inhibition of ULK1 and autophagy play a critical role in mediating LPS-induced microglial activation and production of inflammatory cytokine in vivo.
Discussion
Autophagy is known to negatively control inflammasome activity in innate immune cells under basal conditions (Harris et al., 2011; Deretic et al., 2013) . A decrease in autophagic activity in these cells correlates positively with the inflammatory response (Zhou et al., 2011; Lapaquette et al., 2012; Ravindran et al., 2016) . But the mechanisms through which proinflammatory signals regulate autophagy in innate immune cells including microglia remain elusive. Nor is it clear whether such a regulation is required for inflammatory reaction in these cells. Using microglial inflammatory response as a model, we have revealed in this study a central mechanism by which proinflammatory signals exemplified by LPS relieves the tight inhibitory control exerted by autophagy on the inflammatory process. Our findings show that in response to proinflammatory signal, p38α MAPK directly phosphorylates ULK1, inhibits its kinase activity, disrupts its functional complex with ATG13, and reduces autophagy. Because ULK1 is the key upstream regulator of the autophagy pathway, our model suggests that proinflammatory signal engages autophagy at one of the earliest steps of the entire process to allow more efficient removal of the inhibition during microglial activation.
Furthermore, our data suggest that under basal condition, autophagy appears to exert a constant and powerful repression on the microglial inflammatory machinery. In the absence of overt proinflammatory signals such as LPS stimulation, either increasing p38 MAPK activity or reducing ULK1 and autophagy activity alone is sufficient to trigger microglial activation including cellular morphological and biochemical changes in culture and in the brain. Thus, modulating the activity of p38α MAPK-ULK1 axis appears to be sufficient to alter inflammatory status of microglial cells. This would be consistent with the idea that the default mode of inflammatory machinery in microglia is already set at a stage allowing it to function once the inhibitory control is disengaged. In support of this, our data show that there is a detectable level of NLRP3 and ASC interaction in BV2 cells under basal condition. It is certainly possible that there are additional mechanisms that either in parallel or in sequence to the p38 MAPK-ULK1 pathway negatively control the inflammatory machinery. Our finding that engaging ULK1 by p38 MAPK is obligatory and sufficient to modulate microglial inflammatory response indicates that p38 MAPK-mediated regulation of ULK1 should represent a major upstream mechanism central in the inflammatory process.
One of the surprising and intriguing findings from our study is the differential LC3 response to LPS between microglial BV2 cells and macrophage RAW264.7 cells. Several studies have reported that activation of TLR4 or 7 activates autophagy in primary macrophages and the macrophage cell line (Xu et al., 2007; Delgado et al., 2008) . Consistent with these, we also found that unlike in BV2 cells, LPS increased the level of LC3-II in RAW264.7. Although the precise reason for the different findings between these studies and ours is not clear, part Figure 6 . LPS activates microglia through the p38α MAPK-ULK1 pathway. (A) LPS reduces LC3-II level in primary microglia and induces the microglial inflammatory response. Primary microglia were treated with different concentrations of LPS for 8 h. The levels of LC3, caspase-1, and IL-1β were assessed by Western blotting. (B) SB203580 blocks LPS-induced morphological change in cultured primary microglia. Primary microglia were treated with LPS (1 µg/ml) with or without SB203580 (10 µM) for 12 h and scored for process retraction and cell body enlargement. (C) Glyburide or SB203580 blocks LPS-induced caspase-1 activation. Primary microglia were treated with LPS (1 µg/ml) with or without SB203580 (10 µM) or the NLRP3 inflammasome inhibitor glyburide (50 µM) for 8 h and analyzed for LC3 level, caspase-1 activation, and IL-1β production. (D and E) Inhibition of ULK1 activity activates microglia. Primary microglia were treated with the ULK1 inhibitor MRT67307 (10 µM) and assayed for various markers and activated caspase-1 (8 h; D) or for morphological changes as described in B (12 h; E). Dashed lines show cell body outlines. Bars, 40 µm. n = 100. (F) ULK1 mediates LPS-induced caspase-1 activation. ULK1 WT and mutants (504A/757A and ULK1/2A or 504E/757E and ULK1/2E) were transfected into primary microglia. Cells were treated with LPS (1 µg/ml) for 8 h and analyzed for caspase-1 activation. Bars, 20 µm. n = 50. **, P < 0.01 versus control; ## , P < 0.01 versus LPS. n = 3. Error bars show SD. . (E and F) SB203580 blocks LPS-induced inhibition of autophagy and microglia activation in mouse brains. LPS (5 µg/side; I.C.V.) was injected into 1-mo-old CD1 mice. SB203580 (2 mg/animal; i.p.) was injected 2 h before and 0 h after LPS admission. 24 h later, cortical brain tissues were dissected for Western blotting (E), or whole animals were perfused with saline and 4% paraformaldehyde for Iba1 immunostaining (F). Bars, 50 µm. n = 100. **, P < 0.01 versus control; ## , P < 0.01 versus LPS. n = 8/group. Experiments were repeated three times. Error bars show SD.
of the reason for the difference may be the cellular models used. Several lines of evidence support this. The basal level of phosphorylation of ULK1 in RAW264.7 was very high compared with that in BV2 cells. Although LPS caused a robust activation of p38 MAPK, this did not appear to lead to an LPS-induced phosphorylation of ULK1 in RAW264.7 cells. In addition, unlike macrophages (Fujita et al., 2011) , LPS did not induce transcriptional activation of p62 in microglia. At present, it is unclear whether these differences are related and underlie the observed distinct autophagic response between microglia and macrophages. Regardless, our data suggest that under our experimental conditions, microglia appear to be uniquely capable of linking p38 MAPK signal to ULK1. Because inhibition of ULK1 by MRT67307 in microglia led to the activation of the inflammatory process, it would be interesting to test whether inhibition of ULK1 may trigger a distinct reaction in macrophages and to delineate the specific mechanisms responsible for their unique response.
Our analyses indicate that p38 MAPK phosphorylates ULK1 at two sites: S504, whose modification has not been reported before, and S757, which is also targeted by mTOR (Kim et al., 2011) . Therefore, p38 MAPK and mTOR share the inhibitory site S757 to inhibit ULK1. How phosphorylation of ULK1 negatively regulates its interaction with ATG13 is not clear. It is worth noting that structurally, one of the p38 MAPK phosphorylation sites (S757) is located in the microtubule interacting and transport (MIT) domain of ULK1 (Fujioka et al., 2014) . The MIT of ATG1, the yeast ULK1 homologue, has been shown to mediate the interaction with ATG13, which is mainly hydrophobic (Fujioka et al., 2014; Noda and Fujioka, 2015) . This mode of interaction appears to be conserved between ULK1 and ATG13 in mammals (Fujioka et al., 2014; Papinski and Kraft, 2016 ). Thus, it is possible that phosphorylation by p38 MAPK in the MIT domain may hinder the hydrophobic interaction between ULK1 and ATG13, disrupting the complex. Because dephosphorylation of ATG13 has been reported to be required for its interaction with ATG1 (Kamada et al., 2000) , phosphorylation of ULK1 and ATG13 has emerged as a critical mechanism that regulates ULK1 kinase activity and autophagy.
Our findings raise the question of how autophagy precisely inhibits inflammatory processes in the absence of proinflammatory signal-induced overt p38 MAPK signaling. Our data show that p38 MAPK-ULK1 regulates the levels of both caspase-1 and IL-1β, supporting the theory that inflammasome itself may be one of the likely targets negatively controlled by autophagy. Because the p38 MAPK-ULK1 pathway also modulates microglial morphology, it is possible that autophagy may target several aspects of the inflammatory machinery. The regulatory mechanism defined in this study is important to microglia, and therefore it is likely to be involved in neuroinflammatory diseases (Pena-Altamira et al., 2016) .
Materials and methods
Animals
Long-Evans rats and CD1 mice were purchased from Charles River Laboratories. All animal experiments were performed in accordance with Guide for the Care and Use of Laboratory Animals (National Research Council). 3-MA (Sigma-Aldrich) was dissolved in DMSO to make a 10-mg/ml concentrated stock. The 3-MA stock solution was diluted 1:10 in PBS and administered by i.p. injection (10 mg/kg/d; Walter et al., 2014) . Ultrapure LPS (Sigma-Aldrich) was dissolved in sterile saline at a concentration of 1 mg/ml. Mice were anesthetized by i.p. injection of a mixture of 200 mg/kg ketamine and 10 mg/kg xylazine. Then, mice were placed into a rodent stereotaxic frame (David Kopf Instruments). The scalp was shaved, and a burr hole was drilled 1 mm caudal to the bregma and 2.0 mm lateral to the midline. LPS (5 µg) was injected via a Hamilton microsyringe into the ventricle over a 5-min period (Zhou et al., 2006) . All procedures were approved by the Institutional Animal Care and Use Committee of Emory University.
Antibodies and reagents
Antibodies against p38 MAPK (9218), phospho-p38 MAPK (Thr180/ Tyr182; 9211), ULK1 (8054), phospho-ULK1 (Ser757; 6866), ATG13 (6940), LC3A/B (4108), SQS TM1/p62 (5114), MYC-tag (2276), p70S6 (9202), phospho-p70S6 kinase (Thr389; 9206), mTOR (4517), phospho-mTOR (Ser2448; 5536), and cleaved caspase-1 (4199) were obtained from Cell Signaling Technology. Antibodies against FLAG-tag (F1804) were purchased from Sigma-Aldrich. Antibodies against IL-1β (sc-1252), NOS2 (sc-8310), and HA-tag (sc-805) were purchased from Santa Cruz Biotechnology, Inc. Caspase-1 antibody (AG-20B-0042) was from Adipogen. LPS was purchased from Sigma-Aldrich. TLR4 peptide inhibitor set VIP ER (IMG-2011A) and the control peptide CP7 (IMG-2011B) were provided by IMG ENEX. Plasmid mTagRFP-mWasabi-LC3 was provided by J. Lin (Peking University). Kinase active p38 protein (14-337) was from EMD Millipore.
DNA constructs
MYC-ULK1 and HA-ULK1 expression plasmids were purchased from Addgene. Mutations were performed using the QuikChange Mutagenesis kit from Agilent Technologies. Primers used for mutations are the following: S504A forward, 5′-GTC CCT ACA CAC CTG CTC CCC AAG TGG GA-3′, and S504A reverse, 5′-TCC CAC TTG GGG AGC AGG TGT GTA GGG AC-3′; S757A forward, 5′-GTA TTT ACT GTA GGC GCC CCA CCC AGT GGTG-3′, and S757A reverse 5′-GTG GTA TTT ACT GTA GGC TCC CCA CCC AGT GGT GCCA-3′; S504E forward, 5′-GTG GCC GTC CCT ACA CAC CTG AGC CCC AAG TGG GAA CCA T CC CAG-3′, and S504E reverse 5′-CTG GGA TGG TTC CCA CTT GGG GCT CAG GTG TGT AGG GAC GGC CAC-3′; and S757E forward, 5′-CTG TGG TAT TTA CTG TAG GCG AGC CAC CCA GTG GTG CCA CCC CAC-3′, and S757E reverse, 5′-GTG GGG TGG CAC CAC TGG GTG GCT CGC CTA CAG TAA ATA CCA CAG-3′.
Cell culture
Primary microglia were prepared from whole brains of P2 Long-Evans rat pups or CD1 mouse pups . Disassociated brain cells were seeded onto 150-cm 2 flasks and maintained in DMEM/F-12 supplemented with 10% FBS, 2 mM l-glutamine, 1 mM sodium pyruvate, and 0.1 mM nonessential amino acids. The medium was changed every 3 d. Microglia were isolated by shaking the flasks containing confluent mixed-glia cultures for 3 h at 150 rpm. The BV2 microglial cells were cultured in DMEM/F-12 medium (Invitrogen) containing 5% FBS (Invitrogen) and 50 µg/ml penicillin/streptomycin. HEK293T cells were cultured in DMEM (Invitrogen) culture medium containing 10% FBS (Invitrogen) and 50 µg/ml penicillin/streptomycin.
Plasmid transfection
Plasmids were transfected into HEK293T cells using Lipofectamine 2000 reagent (Invitrogen).
In vitro p38α kinase assay
In vitro p38α kinase assay was performed following the manufacturer's instructions. In brief, ULK1 proteins were immunoprecipitated from cells with either anti-MYC (Cell Signaling Technology) or anti-ULK1 (Santa Cruz Biotechnology, Inc.) antibodies. Then, the immunoprecipitation (IP) products were washed three times with IP buffer (10% glycerol, 50 mM Tris, pH 7.7, 150 mM NaCl, 0.5% NP-40, 1× DTT, 1× protease inhibitors, and 0.1 µM okadaic acid) followed by 1× kinase buffer (25 mM Tris-HCl, pH 7.5, 5 mM β-glycerophosphate, 2 mM DTT, 0.1 mM Na 3 VO 4 , and 10 mM MgCl 2 ). The immunoprecipitated products were incubated with 100 ng p38α MAPK in kinase buffer containing 25 µM cold ATP with or without 2 µCi [γ-32 P]ATP under 30°C for 30 min, and the reaction was terminated by adding SDS sample buffer, heated at 95°C for 5 min, and then subjected to SDS-PAGE and autoradiography.
In vitro ULK1 kinase assay Endogenous ULK1 or recombinant ULK1 were immunoprecipitated with either anti-MYC (Cell Signaling Technology) or anti-ULK1 (sc-10900; Santa Cruz Biotechnology, Inc.) antibodies as indicated. The immune complexes were extensively washed with lysis buffer followed by washing with kinase buffer. The immunoprecipitated ULK1 beads were incubated with 3 µg MBP in kinase buffer containing 25 µM cold ATP and 2 µCi[γ-32 P]ATP per reaction. The kinase reaction was performed in 30°C for 30 min, and the reaction was terminated by adding SDS sample buffer, heated at 95°C for 5 min, and subjected to SDS-PAGE and autoradiography.
Quantitative real-time PCR (qRT-PCR)
Total RNA was isolated using a TRIzol isolation kit. Whole cDNA was synthesized from 1 µg of purified RNA by the SuperScript II FirstStrand cDNA synthesis system (Invitrogen). Primer sequences for p62 qRT-PCR were described previously by Hu et al. (2012) . The qRT-PCR was performed with SYBR green brilliant III ultrafast reagent kit (MX3000P; Agilent Technologies) following the manufacturer's protocol. The results of qRT-PCR assays presented are a mean of three independent RNA preparations. Each sample was analyzed in triplicates.
Caspase-1 and IL-1β quantification
Secreted caspase-1 and IL-1β in the cell culture media were quantified with ELI SA kits from Adipogen and Abcam, respectively, following the manufacturers' procedures. The caspase-1 assay included the following steps: adding 100 µl of the different standards or cell culture supernatant samples into a 96-well plate in duplicate, incubating for 2 h at room temperature, aspirating the coated wells and washing with 300 µl of wash buffer five times, adding 100 µl of the diluted detection antibody, incubating for 1 h at room temperature, washing with 300 µl of wash buffer five times, adding 100 µl to each well of the diluted HRP-labeled streptavidin for 30 min incubation at room temperature, washing with 300 µl of wash buffer five times, adding 100 µl of 3,3',5,5'-tetramethylbenzidine (TMB) substrate solution for 20 min color reaction at room temperature, stopping the reaction by adding 50 µl of stop solution, and measuring the OD at 450 nm in a microplate reader (Bio-Tek). The IL-1β assay included the following steps: adding 100 µl of each standard and sample into a 96-well plate, incubating for 2.5 h at room temperature with gentle shaking, washing four times with 1× wash solution, incubating with 100 µl of 1× biotinylated IL-1β detection antibody for 1 h at room temperature with gentle shaking, repeating the wash step, adding 100 µl of 1× HRP-streptavidin solution for 45 min incubation at room temperature with gentle shaking, washing as above, adding 100 µl of TMB one-step substrate reagent for 30 min incubation at room temperature in the dark with gentle shaking, adding 50 µl of stop solution, and reading at 450 nm in a microplate reader immediately.
co-IP assay
Cells lysates (200-400 µg) were prepared in IP buffer (20 mM TrisHCl, pH 7.4, 150 mM NaCl, 2 mM MgCl 2 , 1% [vol/vol] Triton X-100, 0.5% sodium deoxycholate, and cocktail protease inhibitors) and incubated with Protein A/G beads (GE Healthcare) at 4°C for 1 h with gentle rotation. After centrifugation at 500 g for 1 min, the precleaned lysates were incubated with the appropriate antibody at 4°C for 12 h with gentle rotation. The Protein-A/G beads were added and incubated for another 3 h. Immunoprecipitates were collected by centrifugation at 500 g for 1 min, washed three times with IP buffer, and then heated at 95°C for 5 min in 20 µl sample buffer (31.5 mM Tris-HCl, pH 6.8, 10% glycerol, 1% SDS, and 0.005% bromophenol blue) for SDS-PAGE.
Western blotting
Western blotting was performed as previously described (She et al., 2011) . Whole-cell lysates were prepared in SDS containing sample buffer (31.5 mM Tris-HCl, pH 6.8, 10% glycerol, 1% SDS, and 0.005% bromophenol blue), and equal amounts of lysates (20-30 µg) were separated by 10-15% SDS-PAGE gel at 100 V for 1.5 h. Proteins were transferred to polyvinylidene difluoride membrane at 25 V for 1.5 h using a half-dry blotting system (Bio-Rad Laboratories). Blots were probed by incubation with first antibodies (1:1,000) overnight at 4°C, washed three times, and then incubated with the second antibodies (1:10,000) at room temperature for 1 h. Images were developed in an M35A X-OMAT Processor system (Kodak) using ECL reagent (GE Healthcare).
Immunocytochemistry/immunohistochemistry
Cells were fixed with 4% formalin containing 0.1% Triton X-100 in PBS for 10 min at room temperature. After washing three times with PBS, the coverslips were incubated with blocking buffer (PBS containing 5% goat serum, 3% BSA [Thermo Fisher Scientific], and 0.1% Triton X-100) for 30 min at room temperature. Primary antibodies were diluted in blocking buffer and incubated with the cells at room temperature for 2 h. For detection of primary antibodies, species-appropriate Alexa Fluor fluorescently conjugated secondary antibodies (1:1,000; Invitrogen) were incubated in blocking buffer at room temperature for 2 h. Widefield fluorescent photomicrographs were obtained using an Axioplan 2 microscope with an Axiocam MRc5 digital camera (ZEI SS). For immunohistochemistry, fixed brain tissues were sliced into 40-µm sections. After washing three times with PBS, the slices were incubated with blocking buffer for 30 min at room temperature. Primary antibodies were diluted 1:200 in blocking buffer and incubated with the cells at 4°C overnight. Incubation with secondary antibody (1:500) and image taking were done as same as immunocytochemistry.
Statistical analysis
Data are presented as means ± SD. Comparison between two groups was analyzed using two-tailed Student's t tests, and two-way ANO VAs with general linear model procedures using a univariate approach were applied for more than two groups. All statistical analyses were performed with SPSS software. A p-value of >0.05 was considered significant.
Online supplemental material Fig. S1 shows how LPS inhibits autophagy in microglia but not in RAW264.7 cells. Fig. S2 shows how LPS inhibits autophagy in BV2 cells through p38α MAPK. Fig. S3 shows how p38α MAPK phosphorylates ULK1. Fig. S4 shows how p38α MAPK inhibits ULK1 activity. Fig. S5 shows how the LPS-induced inflammatory response in BV2 cells and primary microglia correlates closely with a reduction of LC3-II levels. Fig. S6 shows how inhibition of autophagy induces inflammation in primary microglia and in vivo.
